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Carrier mediated exchange plays a major role in anion
transport throughout the nephron. Studies on anion exchange in
the kidney have focused on functional characteristics such as
ionic requirements, kinetics of transport, inhibitor sensitivity,
and the role in transepithelial transport and cell volume regu-
lation. More recently, using information gained from studies on
the physiology and molecular biology of the erythrocyte anion
exchanger, relationships between structure and function of
renal anion exchangers have begun to receive much attention.
Role in proximal tubule solute transport
The proximal tubule has a diverse group of basolateral anion
exchangers which are important in the transport of negatively
charged, organic anions, and mono- and divalent inorganic
anions [1—38]. These anion exchangers can help facilitate either
net reabsorption or net secretion of organic and inorganic
anions. If the electrochemical driving forces favor basolateral
exit, anion exchangers can facilitate net reabsorption of both
organic and inorganic solutes like CL, urate, PAH, and S04=.
Often the accumulation of anions via Na1-dependent
cotransporters provides the driving force for anion movement
via basolateral exchangers. This combination of transporters
results in the net reabsorption of some anions [39—46]. For
example, net lactate reabsorption occurs by Nat-lactate
cotransport into the cell across the apical cell membrane with
subsequent exit via a basolateral lactate/PAH exchanger. Sue-
cinate enters proximal tubule cells via a Na-cotransporter on
both apical and basolateral membranes [42, 46]. Net succinate
reabsorption then occurs across a basolateral succinate/PAH
exchanger. If, on the other hand, basolateral entry is favored
then anions can be secreted. This latter possibility occurs often
because secretion of one anion is coupled to reabsorption of
another anion. Returning to the previous example, the succi-
nate driving force generated by Nat-dependent cotransporters
facilitates PAH entry across the basolateral cell membrane via
a succinate/PAH exchanger ultimately causing PAH to be
secreted into the tubule lumen [301.
In some cases anion exchange mechanisms appear on both
the apical and basolateral membranes resulting in either absorp-
tion or secretion of anions. For example, basolateral and apical
exchange systems are involved in S04 secretion in teleost
fishes [211, and urate reabsorption in the mammalian kidney
[47—49]. Similarly, both apical and basolateral exchangers are
involved in oxalate secretion in the rat proximal tubule [37, 50].
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In the case where exchangers exist on each membrane it is
difficult to predict the direction of transepithelial transport,
unless the electrochemical driving forces, the affinities of all
solutes, and differences in the density of exchangers are con-
sidered.
There are at least five kinetically distinct anion exchangers in
the basolateral membrane of the proximal tubule (Fig. 1). Listed
by the anions which have been used to characterize the ex-
changers, they transport: I) para-aminohippurate (PAH); II)
urate; III) S04, HCO3, and oxalate; IV) CL and HC03;
and V) Nat, CL and HC03. All the exchangers, except the
latter Nat-dependent, CL/HC03 exchanger, can operate in
the absence of Nat.
The hasolateral PAH exchanger
PAH is commonly used to assess renal function because it is
not metabolized, not bound to plasma proteins and is avidly
secreted [51]. However, benzoate and hippurate which are
synthesized from benzoate and glycine are the endogenous
metabolites excreted by this pathway.
PAH transport is functionally heterogeneous along the length
of the proximal tubule. Tune, Burg and Patlak [281 observed
that the straight portion of the proximal tubule secretes quan-
titatively more PAH than the convoluted segment. Likewise,
Woodhall et a! [381 showed that net secretion by S2 segments of
proximal tubules from both juxtamedullary and superficial
nephrons is about fivefold greater than in Si and S3 segments.
Shimomura, Chonko and Grantham [26] demonstrated that
basolateral influx is responsible for this increased secretion.
These experiments provided clear evidence that the PAH
exchangers are more concentrated in the S2 segment, even if
the differences in membrane area are taken into account.
The specificity of solutes on this organic anion exchanger in
rat kidney has been investigated by Ullrich et a! [30—32]. They
assessed solute specificity by the inhibition of tritiated PAH
uptake across the basolateral cell membrane of the in vivo rat
proximal convoluted tubule caused by individual solutes added
to the cis side. Their data [31] suggests that a number of
monovalent carboxylate and aldehyde anions, and aliphatic
fatty acids such as valerate, duodecanoate, and arachidonate as
well as anions of aromatic fatty acids such as benzoate, may be
transported by this exchanger. Interestingly the transporter has
an affinity for diphenylamine-2-carboxylate (DPC) and anthra-
cene-9-carboxylase (A9C), two inhibitors of chloride conduc-
tances: however, the affinity of these substances is less than
that of benzoates [301. Although dicarboxylic acids and even
some tricarboxylate anions such as succinate and glutarate may
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Fig. 1. Anion exchangers in the basolateral cell membrane of the
proximal tubule. Similarities between Na(HC0313 cotransporters and
Na-dependent, Cl/HC03 exchangers could mean that a single
exchanger may have two functional modes [161.
also be transported, it is probable that the monovalent forms of
the dicarboxyije and tricarboxylic acids have a greater affinity
for the exchanger. This would be similar to the apical monova-
lent organic anion exchanger of the dog, which clearly has a
greater preference for the monovalent forms of dicarboxylic
acids [48]. The apical organic anion exchanger of dog and rat
can transport PAH, urate, Cl, 0H, HC03 or lactate [48, 49]
but not acetate, whereas the basolateral exchanger does not
move either C1, butyrate or HC03 [30, 321, therefore these
systems are distinguished kinetically. The entry of PAH across
the basolateral membrane is not directly sensitive to the C1 or
HC03 distribution, however, indirect effects of these anions
could occur in species which have the apical membrane ex-
changer. Probenecid has been used to block cellular accumula-
tion and tubular secretion of PAH [5, 28]. Berner and Kinne [41]
found that PAH transport in basolateral membrane vesicles of
the rat proximal tubule is blocked by 5 x lO Mprobenecid.
The basolateral urate exchanger
Several lines of evidence suggest that urate and PAH are
transported on separate exchangers. First, Shimomura et al [26]
observed that S 1 and S2 segments of rabbit proximal tubule
secrete urate at a tenfold greater rate than the S3 segment.
Since the PAl-I transporter is localized mostly in the S2 seg-
ment, this would suggest that PAH and urate secretory pro-
cesses are separate. Second, urate secretion in the snake occurs
in all segments of the proximal tubule, whereas PAH is secreted
only in the late proximal tubule. Third, addition of PAH does
not inhibit uptake of urate into tissue slices of snake kidney,
showing that both anions do not compete for a common
transport site [19]. Fourth, PAH secretion is more sensitive to
probenecid than urate transport [10], which would not be
expected to happen if the same transporter were involved.
Finally, Kahn, Shelat and Weinman [17] found DIDS and
probenecid sensitive C1/urate exchanges on the basolateral
membrane of rat proximal tubule that does not appear to
transport either PAH, or lactate. Thus, most evidence points to
a separate urate exchanger. However, because of problems
associated with defining the pathways for both urate and PAH
including great species diversity in the handling of urate and the
presence of apical transporters which affect basolateral trans-
port, the affinity of urate on the basolateral PAH exchange
system has not been determined unequivocally. There may still
be some doubt whether urate is transported on the same
basolateral exchanger as PAll or on a totally different system.
S04, oxalare, HC03
A divalent anion exchanger, present in the basolateral mem-
brane of chick [21] and rat [18, 20, 31] proximal tubules,
exchanges either S04, oxalate, thiosulfate or HC03, but not
Cl, PAH, succinate, citrate or thiocyanate. The divalent anion
exchanger is distinguished from the PAll organic anion system
in that the former takes shorter chain length, organic molecules.
This system shares some similarity to the anion exchanger in
erythrocytes which can also transport oxalate and S04, how-
ever, the exchanger in erythrocytes is sensitive to 4 x l0— M
probenecid [61], whereas the kidney exchanger is relatively
insensitive to this inhibitor [20, 64] with 5 m causing only a
35% inhibition. Thus the kidney S04/oxalate system and the
erythrocyte exchanger are probably kinetically distinct.
Ullrich and co-workers [35] found that other substances
structurally related to sulfate may also be transported. These
include selenate, molybdate, dicarboxylates, sulfocarboxylates
and salicylate. Interestingly, the chloride channel blocker,
diphenylamine-2-carboxylate, also blocks this transporter [36].
P04 is probably not transported by this exchanger. Al-
though Low, Fredrich and Burckhardt [18] found that P04=
trans-stimulated and cis-inhibited S04 uptake into basolateral
vesicles, the effect was small. Furthermore, Grinstein et al [15]
found that in dog basolateral vesicles, S04 did not appear to
facilitate P04= exchange although the S04/S04= and P04=!
P04= exchangers were each DIDS sensitive. Finally, in per-
fused rabbit proximal convoluted tubules Brazy and Dennis [4]
found that S04/thiosulfate exchange is SITS sensitive but not
affected by P04=. Thus, most evidence points to a separate
basolateral P04= transporter.
Na k-independent C11HC03 exchange
Stilbene sensitive, Cl/HC03 exchangers have been identi-
fied in basolateral membranes of LLC-PK 1 cells [6], and the rat
[1, 13, 14] and rabbit [23] proximal tubules. The kinetics, ionic
affinities, and inhibitor specificities of these systems have been
less well studied. It is also not known if a transporter which
exchanges Cl and HC03 in a 1:1 ratio is a distinct transporter
or a functional mode of one of the organic anion transporters
mentioned above.
Functionally, the electrochemical gradients across the baso-
lateral cell membrane of the proximal tubule would favor the
transport of Cl into the cell in exchange for HC03 [11]. It has
been suggested that entry of Cl— across the basolateral cell
membrane via this exchanger could ultimately allow for Cl to
be secreted into the lumen [11]. However, several other trans-
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port systems capable of transporting C1 out of cell across the
basolateral membrane probably recycle the Cl which enters
via a Cl/HCO3 exchanger. It is likely that this exchanger
functions as an additional mechanism along with basolateral
Na-HCO3 cotransporters [54—60] to remove HC03 from the
cell generated during acid secretion via apical Na/H exchangers
[66].
Nat-dependent, Cl/HC03 exchange
Stilbene-sensitive transport of C1 in exchange for Nat, and
HC03 is present in the basolateral cell membrane of Necturus
[16], rat [1, 2, 13] and rabbit proximal tubules [7, 24]. Similar
anion exchangers function in invertebrate excitable cells to
control intracellular pH [61—65]. In careful studies, Boron and
Russel determined that the stochiometry of exchange is 2
HC03 : 1 Na 1 Cl, confirming experiments of Thomas
[65] which showed that exchange is electroneutral and not
affected by the membrane potential.
Unlike the invertebrate excitable cells, Nat-dependent, Cl1
HC03 exchangers in the proximal tubule do not play a major
role in intracellular pH regulation or acid secretion [561. In-
stead, the combined operation of apical Na/H exchangers and
basolateral Na-HCO3 cotransporters serve this function [56,
66]. In the proximal tubule electrochemical driving forces
across the basolateral cell membrane favor the entry of Na
and HC03 in exchange for C1, providing in the basolateral
cell membrane an electroneutral mechanism for the extrusion of
Cl [16]. In the Necturus proximal tubule, Nat-dependent,
C1/HC03 exchangers are the dominant pathways for baso-
lateral C1 movement [16, 67]. In the mammalian proximal
tubule several anion exchangers, and a K-Cl cotransporter [68]
can move C1 across the basolateral cell membrane as well.
Although the relative magnitude of these systems is unknown,
it is likely that similar to the Necturus proximal tubule, Nat-
dependent, Cl/HC03 exchangers are also important sites for
Cl exit in the mammalian proximal tubule.
At first glance it would seem that Na-dependent, Cl—I
HC03 exchangers are inefficient, because for every C1 that is
transported across the basolateral cell membrane a Na and
HC03 would enter tie cell from the peritubular fluid. Peritu-
bular entry of Na anl HC03 would oppose the net reabsorp-
tion of these ions, which requires transport of these ions out of
the cell across the basolateral cell membrane. However, Na-
(HCO3)3 cotransporters, which coexist with Na-dependent,
C1/HC03 exchangers in the basolateral membrane of both
amphibian and mammalian proximal tubules [54—60], operate to
remove Na and HC03 from the cell. Using the pH-sensitive
dye, BCECF, Preisig and Alpern [59] have estimated that about
25% of HC03 movement across the basolateral cell membrane
of the rat proximal convoluted tubule is C1 dependent and 75%
remains in the absence of C1. Likewise, Sasaki et at [23] using
double-barreled pH-sensitive microetectrodes showed that
about 80% of HC03 transport across the basolateral cell
membrane of the rabbit proximal straight tubule is C1 inde-
pendent. Since the bulk of this C1-independent HC03 move-
ment is via (Na-HCO3)3 cotransporters [54—60], these data
suggest that the cotransporter is clearly capable of recycling the
Na and HC03 which enters the cell via the Na-dependent,
C1/HC03 exchangers.
Information on the exact nature of the Nat-dependent,
C1/HC03 exchanger protein will be available only after both
the amino acid and DNA sequences are known and can be
compared. However, an intriguing possibility is that the Na-
HCO3 cotransporter and Na-dependent, Cl/HC03 ex-
changer may be the same protein with a dominant cotransport
mode and a less frequent exchanger mode [161.
Anion exchange in the medullary thick ascending limb
Although the apical Na-K-Cl cotransporter of diluting seg-
ments is the primary site for solutes to enter the cell during the
reabsorption of NaCl [69], in the mouse medullary thick ascend-
ing limb it is not the site of net solute entry for hypertonic
volume regulation [70, 71]. Specifically, application of i0 M
furosemide to the luminal membrane of mouse medullary thick
ascending limb inhibits the luminal cotransporter and net NaCl
transport, but does not hamper volume regulation in hyperos-
motic solutions. Instead, the increase in intracellular solute
content occurring during volume regulation in hypertonic media
is inhibited by removal of HC03 from the perfusion solutions,
by basolateral Cl omission, by the carbonic anhydrase inhib-
itor, ethoxzolamide, and by SITS, amiloride, and ouabain.
These latter inhibitors are effective when added to the basolat-
eral solution [70, 711. Thus, it is likely that during hypertonic
volume regulation in the mouse medullary thick ascending limb,
parallel Na/H and Cl/HCO3 exchangers operate in the basolat-
eral cell membrane (Fig. 2). The observation that neither SITS
nor amiloride affect net NaCI absorption suggests that the
processes involved in volume regulation are separate from
those generating net transepithelial transport [70, 71].
The volume regulatory response is also dependent upon the
presence of antidiuretic hormone in the perfusion solutions [70].
This hormone stimulates hypertonic volume regulation by ei-
ther causing the insertion of the exchangers or by activating
quiescent exchangers already present in the basolateral cell
membrane.
Anion exchange in the collecting ducts
There is considerable evidence that the collecting ducts of
mammalian kidneys are a major site for urinary acidification
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Fig. 2. Model of two exchangers in the basolateral membrane of the
mouse medullary thick ascending limb. Note that the combined oper-
ation of these two exchangers results in NaCI entry into the cell.
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[72—75 as examples]. An important step in collecting duct
acidification and in proton secretion by tight epithelia such as
the turtle and toad urinary bladders [reviewed in 74] involves
the active secretion of H across the apical cell membrane.
This process, through the action of carbonic anhydrase, gener-
ates HC03 within the cell which must leave across the
basolateral membrane for net urinary acidification to occur.
Whereas, in the proximal tubule the removal of base across
the basolateral cell membrane is mostly Cl independent, in the
collecting duct system it is critically dependent upon C1 in the
basolateral solution [76]. Thus, in the absence of C1 neither the
collecting duct nor the turtle bladder can secrete protons [75,
77]. The additional observations that proton secretion across
the apical cell membrane is inhibited by application of stilbene
derivatives to the basolateral cell membrane [78, 79] lead early
on to the hypothesis that base extrusion across the basolateral
cell membrane occurs via an anion exchanger which transports
Cl into the cell in exchange for either OH— or most likely,
HC03 [80] (Fig. 3). Basolateral application of stilbene deriv-
atives or C1 removal inhibits proton secretion by limiting base
exit. The continued extrusion of acid across the apical cell
membrane raises intracellular pH [81, 82] leading to inhibition
of the apical proton pump. The Km for C1 in the turtle bladder
is as low as 0.13 mri [83], whereas in the medullary collecting
duct the affinity for C1 is lower with a Km of about 30 mr't [82].
Localization of band-3 protein in the nephron
Recent studies have begun to explore the possibility that
kidney anion exchangers may be structurally homologous to
those in the red blood cell, The erythrocyte not only generates
the simple, 1:1, exchange of Cl— for HC03, but is also capable
of Cl— self exchange, of transporting divalent ions such as S04
in appropriate conditions, of conductive movements of Cl,
and of transporting organic anions such as oxalate [reviewed in
84, 85]. The most commonly used inhibitors of red cell Cl—I
HC03 exchange are the stilbene derivatives SITS and DIDS,
but several other substances including several diuretics also
inhibit this exchange. Those relevant to the kidney are the
diuretics bumetenide, ethacrynic acid, furosemide, and proben-
ecid [reviewed in 84]. Although the specific kinetic properties
may differ, several of the characteristics of the red cell ex-
changer are similar to those of kidney exchangers, leading
several investigators to consider if erythrocyte and kidney
exchangers are structurally homologous.
The erythrocyte Cl/HC03 exchanger, or as it is termed
"the band 3 protein", is a 95 kDa protein with a 43 kDa
cytoplasmic protein containing the N-terminus and a 52 kDa
membrane spanning domain containing the C-terminus also on
the cytoplasmic side [86]. The membrane domain functions in
anion exchange, whereas the cytoplasmic domain binds to
components of red cell such as ankryin, the protein that links
the exchanger to cytoskeletal elements such as spectrin and
actin [87]. Disulfonic stilbenes inhibit transport by binding to
lysines on the external face of the protein [86]. The amino acid
sequence of the protein and the nucleotide sequence of the
exchanger gene are known [88].
Interestingly, monoclonal and polyclonal antibodies to the
membrane or to the cytoplasmic domain of band 3 protein
display immunoreactivity (Fig. 4) only with the basolateral cell
membrane of a population of intercalated cells in the cortical
collecting ducts and of medullary collecting cells of rat, rabbit
and human kidneys [89—93]. Some reactivity with proximal
tubule cells has been demonstrated in chicken kidney [89] but
these results are still controversial [92]. Consistent with this is
the observation that ankyrin and spectrin are also associated
with band 3 protein in intercalated cells of the rat kidney [93],
suggesting that the cytoskeletal structure which anchors band 3
protein in the basolateral membrane of the intercalated may
resemble that of the red cell. Band 3 protein in kidney cells has
a slightly larger molecular weight than in the erythrocyte, which
is suggestive of possible differences in amino acid sequences or
in post-translational modification between the two proteins [92].
Although there may be several reasons why antibodies gen-
erated against band 3 protein do not react with anion exchang-
ers in other segments of the kidney, including a lower density of
transporters, it is likely that the anion exchangers in these more
proximal segments have only a low homology with the red cell
protein.
Conclusions
Finally, what is the advantage of diversity of anion exchang-
ers in the kidney? For the proximal tubule it is clear that
exchangers are involved in transporting organic anions against
steep electrochemical gradients. However, why Na-depen-
dent, C1/HC03 exchangers are involved in Cl transport
across the basolateral cell membrane of the proximal tubule and
Natindependent, ClIHCO exchangers function in remov-
ing HC03 from the intercalated cell is not so clear. At a first
glance it would seem that Cl or HC03 conductances could
function equally as well as exchangers in basolateral ion extru-
sion. However, this may not be true. For example, a basolateral
Cl conductance in proximal tubule cells would lower the
electromotive force of the basolateral cell membrane, reduce
current flow across the epithelium and ultimately reduce the
apical cell membrane potential. This would be detrimental
because the apical cell membrane potential is an important
component in supporting electrogenic Na -coupled transport-
ers across the apical cell membrane. In the intercalated cell in
addition to supporting H secretion, anion exchangers may also
BasolateralApical
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FIg. 3. Proton secreting, alpha type (81) intercalated cells of collecting
ducts have both CIIHCO3 exchangers and Cl conductances [re-
viewed in 801. The net effect of these two systems is that the Cl which
enters via the exchanger exits by way of the conductance.
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Fig. 4. Cross-section of three rabbit
medullary collecting tubules (inner stripe,
outer medulla). A subset of cells shows
labelling of the basolateral membrane with a
monoclonal antibody to the membrane domain
of human erythrocyte band 3 protein. Arrows
show labelling in the photograph that most
closely represents that seen visually in the
microscope. Scattered other areas of round
fluorescence outside of the tubule boundaries
represent red cells. The kidney was fixed in
1% glutaraldehyde after cross-linking with
dimethyl suberimidate. Photograph is
compliments of Dr. V.L. Schuster.
function in concert with a basolateral C1 conductance to
regulate intracellular C1 activity (Fig. 3). The exchanger may
insure that there is sufficient intracellular Cl activity for the
cell to regulate volume in hyposmotic solutions, a process that
in most cells involves the net loss of anions, usually C1
accompanied by a cation. Moreover, in hyperosmotic volume
regulation similar to the medullary thick ascending limb, the
anion exchanger may also be involved in net increases in
intracellular anion content. Thus, the necessity for a dual role
may explain the presence of anion exchangers in these nephron
segments.
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